Introduction
============

Lipid emulsions have been used to treat cardiovascular collapse due to systemic toxicity induced by local anesthetics, including bupivacaine, levobupivacaine, ropivacaine and mepivacaine, as well as other drugs [@B1],[@B2]. Lipid emulsions, including SMOFlipid^®^, Intralipid^®^ and Lipofundin^®^ MCT/LCT, reverse severe vasodilation caused by the inhibition of voltage-operated calcium channels induced by toxic doses of levobupivacaine and bupivacaine [@B3]-[@B5]. Cardiovascular collapse due to local anesthetic systemic toxicity is followed by respiratory and metabolic acidosis. Acidosis decreases the serum protein binding of bupivacaine and leads to an increased portion of free bupivacaine, which may contribute to the exaggeration of local anesthetic systemic toxicity [@B6],[@B7]. On the other hand, acidosis increases the ionized form (cationic form) of local anesthetics and decreases the non-ionized form (base form) of local anesthetics, which leads to a lower amount of the non-ionized form of local anesthetic that is available for penetration of the nerve membrane and suggests a lower potency of the local anesthesia [@B8], [@B9]. However, hypercarbia caused by local anesthetic systemic toxicity causes the diffusion of carbon dioxide in the axoplasm of the neuron through the nerve membrane, enhancing the conversion of the local anesthetic into the ionized form, which inhibits sodium channels and exaggerates the local anesthetic toxicity [@B7],[@B9]. In addition, acidosis produces nitric oxide-induced relaxation, whereas a lipid emulsion attenuates this relaxation [@B10],[@B11]. However, the effect of acidosis on the lipid emulsion-mediated sequestration of bupivacaine is controversial. For example, Ruan et al. reported that acidosis has no significant effect on lipid emulsion-mediated sequestration of bupivacaine in human serum, whereas Mazoit et al. reported that acidosis decreases the affinity of lipid emulsions for bupivacaine in buffer solutions [@B12], [@B13]. Therefore, the goal of this *in vitro* study was to examine the effect of pre-acidification and pre-alkalinization on the lipid emulsion (SMOFlipid^®^)-mediated reversal of toxic dose levobupivacaine-induced vasodilation and to investigate the associated cellular mechanism in isolated rat aorta. Given the findings of prior reports, we tested the hypothesis that pre-acidification would evoke the lipid emulsion-mediated reversal of toxic dose levobupivacaine-induced vasodilation, partly via the inhibition of pre-acidification-induced nitric oxide release [@B10], [@B11].

Materials and Methods
=====================

All experimental procedures and protocols were approved by the Institutional Animal Care and Use Committee of Gyeongsang National University and performed in accordance with the Guide for the Care and Use of Laboratory Animals.

Preparation of aortic rings for tension measurements
----------------------------------------------------

The aortic rings were prepared for tension measurements as described previously [@B5], [@B14], [@B15]. Male Sprague-Dawley rats weighing 250-300 g were anesthetized with intramuscular injections of Zoletil 50 (15 mg/kg, Virbac Laboratories, Carros, France). The descending thoracic aorta was dissected free. The surrounding connective tissue and fat were removed under a microscope, and the vessel was bathed in Krebs solution with the following composition (mM): 118 NaCl, 4.7 KCl, 1.2 MgSO~4~, 1.2 KH~2~PO~4~, 2.4 CaCl~2~, 25 NaHCO~3~, and 11 glucose. The aorta was then cut into 2.5-mm rings, which were suspended on Grass isometric transducers (FT-03, Grass Instrument, Quincy, MA, USA) under 3.0-g resting tension in a 10-mL Krebs bath at 37°C and continuously aerated with 95% O~2~ and 5% CO~2~to maintain pH values within 7.35-7.45. The rings were equilibrated at a resting tension of 3.0 g for 120 min, during which time the bathing solution was changed every 40 min. Care was taken not to damage the endothelium. In some aortic rings, the endothelium was intentionally removed by inserting a 25-gauge needle tip into the lumen of the ring and gently rolling the ring for a few seconds. Once the phenylephrine (10^-7^ M)-induced contraction had stabilized, acetylcholine (10^-5^ M) was added to assess the endothelial integrity. The endothelial integrity was confirmed by the observation of \>70% relaxation induced by acetylcholine. The rings were then rinsed with fresh Krebs solution to restore the resting tension. Each ring was used for each concentration-response curve induced by SMOFlipid^®^. In experimental protocols involving only endothelium-denuded aortae, the Krebs solution contained the nitric oxide synthase inhibitor N^ω^-nitro-L-arginine methyl ester (L-NAME: 10^-4^ M) to prevent the production of endogenous nitric oxide from any residual endothelium, as levobupivacaine induces nitric oxide release in isolated rat aortae with intact endothelium [@B16].

Experimental protocol
---------------------

The pH 7.2 Krebs solution was made by both increasing NaCl to 131 mM and decreasing NaHCO~3~ to 13 mM, as described in a previous study [@B17]. The pH 7.6 Krebs solution was made by both decreasing NaCl to 101 mM and increasing NaHCO~3~ to 43 mM [@B17]. The pH 7.0 Krebs solution was made by both increasing NaCl to 141 mM and decreasing NaHCO~3~ to 3 mM. The pH was carefully monitored during the experiment using a GEM Premier-3000 (Instrumentation Laboratory Co., Lexington, Massachusetts, USA). Isolated endothelium-intact aortic rings pretreated with or without L-NAME (10^-4^ M) and endothelium-denuded aortic rings were exposed to four Krebs solutions (pH 7.0, 7.2, 7.4 and 7.6) for 20 min before the addition of 60 mM KCl. After 60 mM KCl had produced a sustained and stable contraction in the endothelium-intact and endothelium-denuded rat aortic rings, a toxic dose (3 × 10^-4^ M) of levobupivacaine was added. Then, incremental concentrations of SMOFlipid^®^ (0.24, 0.48, 0.95 and 1.39%) were added to generate lipid emulsion concentration-response curves. The higher concentration of SMOFlipid^®^ was added to the organ bath after a previous lower concentration had produced a sustained and stable response.

Cell culture
------------

Human umbilical vein endothelial cells (HUVECs; EA.hy926 cells, American Type Culture Collection, Manassas, VA, USA) were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mmol/L L-glutamine, 100 IU/mL penicillin, and 10 μg/mL streptomycin as described previously [@B18]. Cells were cultured in 100-mm dishes and grown in a humidified 5% CO~2~ incubator. HUVECs were plated at a density of 10^7^ cells per 100-mm dish. Cells were used between passage number 6 and passage number 12.

Western blot analysis
---------------------

Western blot analysis was performed as previously described [@B18]. Briefly, cells were lysed in PRO-PREP protein extract solution to isolate total cell extracts. After extracts were centrifuged at 13,000 rpm for 20 min at 4°C, protein concentrations were determined by the Bradford method. Samples containing 30 µg of protein were subjected to 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. The separated proteins were then transferred to polyvinylidene difluoride membranes using the SD Semi-dry Transfer Cell^®^ system (Bio-Rad, Hercules, CA, USA). These membranes were incubated with primary antibodies (anti-endothelial nitric oxide synthase \[eNOS\] and anti-phospho-eNOS \[at Ser^1177^\] antibodies; Cell Signaling Technology, Beverly, MA, USA) at a 1:500 dilution (4 μg/mL) in 5% skim milk in TBST overnight at 4°C, and bound antibody was detected by horseradish peroxidase-conjugated anti-rabbit IgG. The membranes were washed and then developed using the Luminol Reagent system (Animal Genetics, Suwon, Korea). Beta-actin was used as the loading control.

Drugs
-----

Acetylcholine, phenylephrine and L-NAME were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). Levobupivacaine was obtained from Abbott Korea (Seoul, Korea). SMOFlipid^®^ was obtained from Fresenius Kabi Korea (Seoul, Korea). DMEM, FBS, penicillin, streptomycin, and glutamine were supplied by Gibco BRL (Rockville, MD, USA).

Data analysis
-------------

The cumulative responses to levobupivacaine and lipid emulsion are expressed as percentages of the maximal contraction induced by 60 mM KCl in isolated rat aorta, and the data are presented as the mean ± SD. Areas under the lipid emulsion dose-response curves calculated from vasodilation (baseline) induced by 3 × 10^-4^ M levobupivacaine were used to evaluate the overall extent of the lipid emulsion-mediated reversal of vasodilation induced by 3 × 10^-4^ M levobupivacaine [@B19]. The areas under the lipid emulsion dose-response curves were calculated using GraphPad (GraphPad prism version 5.0 for Windows, GraphPad Software, San Diego, CA, USA). Values related to areas under curves or levobupivacaine-induced vasodilations are presented as medians and interquartile ranges. The effects of pre-acidification and pre-alkalinization on the areas under the lipid emulsion dose-response curves of levobupivacaine-induced vasodilation and on the levobupivacaine (3 × 10^-4^ M)-induced vasodilation were analyzed using the Kruskal-Wallis test followed by Dunn\'s test or the Mann-Whitney U test. The effects of pre-acidification alone and pre-acidification in combination with lipid emulsion on eNOS phosphorylation in HUVECs were assessed using one-way analysis of variance followed by Bonferroni\'s post-test. The effect of pre-acidification on 60 mM KCl-induced contraction was analyzed using the Mann-Whitney U test. When effect size and previous similar studies are not available, the resource equation method can be used as a crude method to calculate sample size [@B20], [@B21]. According to the resource equation method, the sample size ranged from 6 to 11 in each group for comparisons between two groups [@B20], [@B21]. Thus, we used 6, 7, 8 and 9 samples in each group to compare two groups in the current study. Band intensities, including beta-actin, from Western blot analyses were assessed by scanning densitometry using Image Master VSD (Pharmacia Biotech, San Francisco, CA, USA). Quantitative analysis (phosphorylated eNOS/ total eNOS) of eNOS phosphorylation was normalized to beta-actin. *P* values less than 0.05 were considered significant.

Results
=======

In the isolated rat aortae, pretreatment with pH 7.0 or 7.6 Krebs solution had no effect on the resting tension (data not shown). In isolated rat aortae precontracted with 60 mM KCl, levobupivacaine (3 × 10^-4^M)-induced vasodilation was not significantly different between the pH 7.4 Krebs solution and the pH 7.6 Krebs solution (Fig. [1](#F1){ref-type="fig"}A and B). However, in isolated rat aortae precontracted with 60 mM KCl, levobupivacaine (3 × 10^-4^M)-induced vasodilation was attenuated in the pH 7.0 and pH 7.2 Krebs solutions compared with the pH 7.4 Krebs solution (*P* \< 0.01; Fig. [1](#F1){ref-type="fig"}A and B). In isolated L-NAME-pretreated endothelium-intact rat aortae precontracted with 60 mM KCl, levobupivacaine (3 × 10^-4^M)-induced vasodilation was attenuated in the pH 7.2 Krebs solution compared with the pH 7.4 Krebs solution (*P* \< 0.01). Mild pre-alkalinization (pH 7.6) had no effect on the 60 mM KCl-induced contraction (data not shown)**.** Severe pre-acidification (pH 7.0) did not significantly alter the 60 mM KCl-induced contraction (Fig. [S1](#SM1){ref-type="supplementary-material"}). Precontraction induced by 60 mM KCl was not significantly different between the pH 7.4 Krebs solution and the Krebs solutions at different pH values (data not shown).

In isolated rat aortae precontracted with 60 mM KCl, levobupivacaine (3 × 10^-4^M) produced vasodilation, and a lipid emulsion reversed this levobupivacaine-induced vasodilation (Fig. [2](#F2){ref-type="fig"}). During the levobupivacaine (3 × 10^-4^M)-induced vasodilation of isolated aortae precontracted with 60 mM KCl, the pH 7.2 Krebs solution increased the areas under the lipid emulsion dose-response curves from levobupivacaine (3 × 10^-4^M)-induced vasodilation (baseline) in the endothelium-intact aortae (*P* \< 0.001 versus pH 7.4; Fig. [3](#F3){ref-type="fig"}A and B). However, the pH 7.2 Krebs solution did not significantly alter the areas under the lipid emulsion dose-response curves in the endothelium-denuded aortae (Fig. [3](#F3){ref-type="fig"}C and D). During the levobupivacaine (3 × 10^-4^M)-induced vasodilation of isolated endothelium-intact and endothelium-denuded aortae precontracted with 60 mM KCl, the pH 7.6 Krebs solution did not significantly alter the areas under the lipid emulsion dose-response curves of levobupivacaine (3 × 10^-4^M)-induced vasodilation (Fig. [4](#F4){ref-type="fig"}A, B, C and D). During the levobupivacaine (3 × 10^-4^M)-induced vasodilation of isolated aortae precontracted with 60 mM KCl, the pH 7.0 Krebs solution did not significantly alter the areas under the lipid emulsion dose-response curves in the endothelium-intact aortae (Fig. [5](#F5){ref-type="fig"}A and B), whereas the pH 7.0 Krebs solution decreased the areas under the lipid emulsion dose-response curves of levobupivacaine (3 × 10^-4^M)-induced vasodilation in the endothelium-denuded aortae (*P* \< 0.01 compared with pH 7.4; Fig. [5](#F5){ref-type="fig"}C and D). During the levobupivacaine (3 × 10^-4^M)-induced vasodilation of L-NAME pretreated isolated endothelium-intact aortae precontracted with 60 mM KCl, the pH 7.2 Krebs solution did not significantly alter the areas under the lipid emulsion dose-response curves from levobupivacaine (3 × 10^-4^M)-induced vasodilation compared with the pH 7.4 Krebs solution (Fig. [6](#F6){ref-type="fig"}A and B).

Relative to treatment with the pH 7.4 Krebs solution, treatment with the pH 7.2 Krebs solution increased eNOS phosphorylation at Ser^1177^ in HUVECs (*P* \< 0.001; Fig. [7](#F7){ref-type="fig"}). However, combined treatment with the pH 7.2 Krebs solution and a lipid emulsion (1.39%) attenuated eNOS phosphorylation at Ser^1177^ relative to treatment with the pH 7.2 Krebs solution alone (*P* \< 0.001; Fig. [7](#F7){ref-type="fig"}). Combined treatment with the pH 7.4 Krebs solution and a lipid emulsion (1.39%) did not significantly alter eNOS phosphorylation at Ser^1177^ relative to treatment with the pH 7.4 Krebs solution alone (Fig. [7](#F7){ref-type="fig"}).

Discussion
==========

This study is the first to suggest that mild pre-acidification increases the lipid emulsion-mediated reversal of toxic dose levobupivacaine-induced vasodilation of isolated endothelium-intact rat aortae precontracted with 60 mM KCl. This *in vitro*study produced the following major findings: 1) mild pre-acidification (at pH 7.2) enhanced the lipid emulsion-mediated reversal of toxic dose (3 × 10^-4^M) levobupivacaine-induced vasodilation in endothelium-intact aortae, whereas mild pre-acidification at this pH did not significantly alter the lipid emulsion-mediated reversal of levobupivacaine-induced vasodilation in endothelium-denuded aortae or endothelium-intact aortae with L-NAME; and 2) a lipid emulsion attenuated the mild pre-acidification-induced eNOS phosphorylation in HUVECs at pH 7.2.

Lipid emulsions are widely used to treat intractable cardiovascular collapse induced by toxic doses of local anesthetics and other drugs without specific antidotes [@B1],[@B2]. One of the proposed underlying mechanisms of lipid emulsion treatment is the lipid sink theory, which states that toxic doses of lipid-soluble local anesthetics can be extracted from tissue using lipid emulsions [@B2]. Other potential mechanisms include fatty acid oxidation, cardiotonic effect, Akt activation, drug redistribution, and attenuation of local anesthetic-induced sodium channel blockade [@B2], [@B22]-[@B24]. The toxic dose of levobupivacaine (3 × 10^-4^M) in the current study, which exceeds the serum concentration of levobupivacaine (2.55 × 10^-5^M) that produces hypotension as a sign of levobupivacaine systemic toxicity in a previous study, caused vasodilation in isolated rat aortae precontracted with 60 mM KCl [@B25]. Consistent with previous reports, lipid emulsions reversed the type of severe levobupivacaine-induced vasodilation of the isolated rat aortae (Fig. [2](#F2){ref-type="fig"}) that appears to be involved in cardiovascular collapse induced by toxic doses of local anesthetics [@B3],[@B4]. Acidosis does not significantly change the tension induced by KCl in rat and adult rabbit aortae [@B26],[@B27]. Consistent with previous reports, severe pre-acidification (pH 7.0) did not significantly alter 60 mM KCl-induced contraction [@B26], [@B27].

Reducing the pH of the buffer solution from 7.4 to 7.0 decreases the affinity of the lipid emulsion for bupivacaine and ropivacaine by a factor of 1.68, whereas decreasing the pH of human serum from 7.4 to 6.9 has no effect on the sequestration of bupivacaine by lipid emulsions [@B12], [@B13]. In the current study, mild pre-acidification (pH 7.2) caused by Krebs solution enhanced the areas under the lipid emulsion dose-response curves, indicating the enhanced overall extent of lipid emulsion-mediated reversal from levobupivacaine (3 × 10^-4^M)-induced vasodilation in endothelium-intact aortae (Fig. [3](#F3){ref-type="fig"}B). In contrast, mild pre-acidification (pH 7.2) did not significantly alter the overall extent of the lipid emulsion-mediated reversal of levobupivacaine (3 × 10^-4^M)-induced vasodilation in endothelium-denuded aortae (Fig. [3](#F3){ref-type="fig"}D), suggesting that the mild pre-acidification-induced enhancement of the lipid emulsion-mediated reversal appears to be endothelium-dependent. In addition, pretreatment with L-NAME (10^-4^ M) did not enable the mild pre-acidification-induced enhancement of the lipid emulsion-mediated overall reversal of toxic dose levobupivacaine-induced vasodilation in endothelium-intact aortae (Fig. [6](#F6){ref-type="fig"}B). Acidosis induces nitric oxide release, and lipid emulsions (including triglycerides) inhibit endothelial nitric oxide release [@B10], [@B28], [@B29]. Triglyceride inhibits nitric oxide-induced relaxation in isolated vessels [@B11]. Taken together, the mild pre-acidification (pH 7.2)-induced enhancement of the lipid emulsion-mediated overall reversal of toxic dose levobupivacaine-induced vasodilation appears to be associated with the lipid emulsion-mediated inhibition of enhanced nitric oxide release induced by mild acidosis [@B10],[@B11],[@B28],[@B29]. There were numerous reasons for using area under the curve analysis to ascertain the lipid emulsion-mediated reversal of toxic dose levobupivacaine-induced vasodilation in this study. First, even a slight difference in levobupivacaine (3 × 10^-4^M)-induced vasodilation in isolated aortae precontracted with 60 mM KCl between the pH 7.4 Krebs solution and Krebs solutions at different pH values (7.0, 7.2 and 7.6) can affect the magnitude of the subsequent lipid emulsion-mediated reversal of levobupivacaine-induced vasodilation; therefore, we used the area under the lipid emulsion dose-response curve calculated from the baseline toxic dose levobupivacaine (3 × 10^-4^M)-induced vasodilation to evaluate the overall extent of the lipid emulsion-mediated reversal [@B19]. Second, in contrast to the 50% of maximum response, the area under the curve is the integral of the curve generated by plotting the lipid emulsion concentration against a certain response, such as vasoconstriction or vascular tone recovery, and this parameter reflects the overall effect of lipid emulsion-mediated vascular tone recovery [@B30]. Furthermore, severe pre-acidification (pH 7.0) in the endothelium-denuded aortae attenuated the areas under the lipid emulsion dose-response curves from levobupivacaine (3 × 10^-4^M)-induced vasodilation (Fig. [5](#F5){ref-type="fig"}D) compared with the pH 7.4 Krebs solution, whereas severe pre-acidification (pH 7.0) in endothelium-intact aortae did not significantly alter the areas under the lipid emulsion dose-response curves (Fig. [5](#F5){ref-type="fig"}B). This severe pre-acidification (pH 7.0)-induced attenuation of the lipid emulsion-mediated reversal in endothelium-denuded aortae appears to be associated with decreased levobupivacaine (3 × 10^-4^M)-induced vasodilation compared with the pH 7.4 Krebs solution. Taken together, similar to mild pre-acidification, the difference in the overall extent of lipid emulsion-mediated reversal between endothelium-intact and endothelium-denuded aortae at pH 7.0 may be associated with the lipid emulsion-mediated inhibition of the enhanced endothelial nitric oxide release induced by severe pre-acidification [@B10], [@B11], [@B28], [@B29]. The pK~a~(8.1) of levobupivacaine indicates the pH at which 50% of levobupivacaine is in the lipid-soluble non-ionized form that is required for the penetration of nerve membranes, including the perineurium, and 50% of levobupivacaine is in the ionized form that is required to block sodium channels in the axoplasm within the epineurium [@B9]. Each form (ionized and non-ionized) of levobupivacaine is determined by the pKa and pH of the tissue [@B9]. As acidification reduces the amount of the lipid-soluble non-ionized form of levobupivacaine that can penetrate the cell membrane, the attenuated levobupivacaine-induced vasodilation at pH 7.2 and 7.0 observed in the current study seems to be associated with a relatively decreased level of intracellular levobupivacaine, which is caused by the fact that only a small amount of non-ionized levobupivacaine can penetrate the cell membrane. Thus, the potency of a local anesthetic upon acidosis appears lower compared with at pH 7.4 [@B9]. However, hypoventilation and respiratory acidosis due to local anesthetic toxicity in an *in vivo* state enhance cerebral blood flow, leading to the delivery of more local anesthetic to the brain [@B31]. The diffusion of carbon dioxide into neuronal cells reduces the intracellular pH, leading to an increased proportion of ionized local anesthetics (ion trapping of local anesthetics) and enhanced toxicity [@B7], [@B9], [@B31]. In addition, nanoemulsions extract more bupivacaine than macroemulsions, suggesting that small lipid emulsion particles are more effective at removing bupivacaine [@B32]. Considering the effect of pH on both local anesthetics and lipid emulsions, acidosis relatively increases the positively charged portion of levobupivacaine, whereas acidosis induces a less negative zeta potential of a lipid emulsion that leads to flocculation of the lipid emulsion through decreased electrostatic repulsion, leading to decreased efficacy at removing levobupivacaine [@B8], [@B33]. Further studies regarding the effects of pH on the ionized and non-ionized forms of local anesthetics, the zeta potential of lipid emulsions, and the intracellular concentration of ionized local anesthetics in rat aortae are needed to elucidate detailed mechanisms.

Consistent with previous reports and our current results for isometric tension measurements, a lipid emulsion attenuated the mild pre-acidification-induced enhancement of eNOS phosphorylation at pH 7.2 [@B10], [@B11], [@B28], [@B29]. However, because this attenuation was observed using HUVECs instead of the rat aorta endothelium used for the isometric tension measurements, our findings regarding the lipid emulsion-mediated inhibition of pre-acidification-induced eNOS phosphorylation should be interpreted cautiously [@B34].

The clinical relevance of the mild pre-acidification-induced enhancement of the lipid emulsion-mediated reversal of toxic dose levobupivacaine-induced vasodilation in endothelium-intact aortae should be carefully extrapolated. There are several limitations of this study. First, in a clinical situation, local anesthetic toxicity is followed by acidosis, whereas this experiment investigated the effect of pre-acidification on the lipid emulsion-mediated reversal of toxic dose levobupivacaine-induced vasodilation. Second, we used the aorta, which is regarded as a conduit vessel, whereas small resistance arterioles are the main contributors to organ blood flow and blood pressure [@B35]. Third, as the body buffer system (including bicarbonate) in the *in vivo* state attempts to minimize the change in blood pH to acidosis, the mild pre-acidification-induced enhancement of the reversal of the vasodilation induced by a toxic dose of levobupivacaine observed in the current *in vitro* study may be different in an *in vivo* state that includes a buffer system [@B36]. On the other hand, even mild acidosis might have a devastating effect on cardiovascular collapse, including severe hypotension induced by a toxic dose of levobupivacaine in an *in vivo* state. Thus, further studies regarding the effect of lipid emulsions on cardiovascular collapse followed by acidosis due to levobupivacaine toxicity in an *in vivo* state are necessary to confirm the effects observed in the current *in vitro* study. Even with these limitations, when we encounter a clinical situation that comprises pre-existing mild acidosis and severe vascular collapse due to a toxic dose of levobupivacaine, the mild pre-acidification-induced enhancement of the lipid emulsion-mediated reversal of the vascular collapse may provide a beneficial effect in terms of vascular tone recovery.

In conclusion, mild pre-acidification caused by a pH 7.2 Krebs solution enhanced the lipid emulsion-mediated reversal of toxic dose levobupivacaine-induced vasodilation in isolated endothelium-intact rat aortae precontracted with 60 mM KCl. This mild pre-acidification-induced enhancement of the lipid emulsion-mediated reversal appears to be associated with the lipid emulsion-mediated inhibition of nitric oxide evoked by pre-acidification.
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![Effect of pre-acidification and pre-alkalinization on levobupivacaine (LBV)-induced vasodilation in isolated endothelium-intact (A) and endothelium-denuded (B) rat aortae precontracted with 60 mM KCl. Data are presented as the median and interquartile range. LBV (3 × 10^-4^ M)-induced vasodilation (%) is expressed as the percentage of 60 mM KCl-induced contraction (endothelium-intact: pH 7.0, N = 6; pH 7.2, N = 8; pH 7.4, N = 21; and pH 7.6, N = 7; endothelium-denuded: pH 7.0, N = 6; pH 7.2, N = 8; pH 7.4, N = 20; and pH 7.6, N = 6). N indicates the number of rats from which descending thoracic aortae were obtained. \**P* \< 0.001 and †*P* \< 0.01 compared with pH 7.4.](ijmsv13p0068g001){#F1}

![Trace showing the change in tension induced by 60 mM KCl, levobupivacaine (LBV) and SMOFlipid^®^ emulsion (LE) in endothelium-intact aortae in Krebs solution at pH 7.4.](ijmsv13p0068g002){#F2}

![A and C: The effects of mild pre-acidification (pH 7.2, N = 8) on the SMOFlipid^®^ emulsion (LE) concentration-response curves during levobupivacaine (LBV, 3 × 10^-4^ M)-induced vasodilation at a toxic dose in isolated endothelium-intact (A) and endothelium-denuded (C) aortae precontracted with 60 mM KCl. Data are shown as the mean ± SD and are expressed as the percentage of contraction induced by 60 mM KCl. N indicates the number of rats from which descending thoracic aortae were obtained. B and D: The effect of mild pre-acidification (pH 7.2, N = 8) on the areas under the lipid emulsion dose-response curves from LBV (3 × 10^-4^ M)-induced vasodilation in isolated endothelium-intact (B) and endothelium-denuded (D) aortae precontracted with 60 mM KCl. The areas under the lipid emulsion dose-response curves were calculated from the baseline LBV (3 × 10^-4^ M)-induced vasodilation. Data are presented as medians and interquartile ranges. \**P* \< 0.001 compared with pH 7.4.](ijmsv13p0068g003){#F3}

![A and C: The effects of mild pre-alkalinization (pH 7.6) on the SMOFlipid^®^ emulsion (LE) concentration-response curves during levobupivacaine (LBV, 3 × 10^-4^ M)-induced vasodilation at a toxic dose in isolated endothelium-intact (A, N = 7) and endothelium-denuded (C, N = 6) aortae precontracted with 60 mM KCl. Data are shown as the mean ± SD and are expressed as the percentage of contraction induced by 60 mM KCl. N indicates the number of rats from which descending thoracic aortae were obtained. B and D: The effect of mild pre-alkalinization (pH 7.6) on the areas under the lipid emulsion dose-response curves from LBV (3 × 10^-4^ M)-induced vasodilation in isolated endothelium-intact (B, N = 7) and endothelium-denuded (D, N = 6) aortae precontracted with 60 mM KCl. The areas under the lipid emulsion dose-response curves were calculated from the baseline LBV (3 × 10^-4^ M)-induced vasodilation. Data are presented as medians and interquartile ranges.](ijmsv13p0068g004){#F4}

![A and C: The effects of severe pre-acidification (pH 7.0, N = 6) on the SMOFlipid^®^ emulsion (LE) concentration-response curves during levobupivacaine (LBV, 3 × 10^-4^ M)-induced vasodilation at a toxic dose in isolated endothelium-intact (A) and endothelium-denuded (C) aortae precontracted with 60 mM KCl. Data are shown as the mean ± SD and are expressed as the percentage of contraction induced by 60 mM KCl. N indicates the number of rats from which descending thoracic aortae were obtained. B and D: The effect of severe pre-acidification (pH 7.0, N = 6) on the areas under the lipid emulsion dose-response curves from LBV (3 × 10^-4^ M)-induced vasodilation in isolated endothelium-intact (B) and endothelium-denuded (D) aortae precontracted with 60 mM KCl. The areas under the lipid emulsion dose-response curves were calculated from the baseline LBV (3 × 10^-4^ M)-induced vasodilation. Data are presented as medians and interquartile ranges. \**P* \< 0.01 versus pH 7.4.](ijmsv13p0068g005){#F5}

![The effects of mild pre-acidification (pH 7.2, N = 9) on the SMOFlipid^®^ emulsion (LE) concentration-response curves (A) and areas under the lipid emulsion dose-response curves (B) during levobupivacaine (LBV, 3 × 10^-4^ M)-induced vasodilation in N^ω^-nitro-L-arginine methyl ester (10^-4^ M)-pretreated endothelium-intact aortae precontracted with 60 mM KCl. N indicates the number of thoracic aortae. A: Data are shown as the mean ± SD and are expressed as the percentage of contraction induced by 60 mM KCl. B: The areas under the lipid emulsion dose-response curves were calculated from the baseline LBV (3 × 10^-4^ M)-induced vasodilation. Data are presented as medians and interquartile ranges.](ijmsv13p0068g006){#F6}

![The effects of Krebs solution (pH 7.4 or pH 7.2) alone and Krebs solution (pH 7.4 or pH 7.2) in combination with SMOFlipid^®^ emulsion (LE, 1.39%) on the activation of endothelial nitric oxide synthase (eNOS) at Ser^1177^ in human umbilical vein endothelial cells (HUVECs). HUVECs were treated for 10 min with either Krebs solution (pH 7.4 or pH 7.2) alone or Krebs solution (pH 7.4 or pH 7.2) in combination with SMOFlipid^®^ emulsion (LE, 1.39%). The phosphorylation of eNOS at Ser^1177^ was investigated as described in the Methods section. Data are presented as the mean ± SD of five independent experiments. \**P* \< 0.001 compared with the pH 7.4 Krebs solution. †*P*\< 0.001 compared with the pH 7.2 Krebs solution alone. t-eNOS: total eNOS; p-eNOS: phosphorylated eNOS.](ijmsv13p0068g007){#F7}
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